We use a combination of classical molecular dynamics simulation and neutron diffraction to identify the atomic structure of five different Mg-Zn-Ca bulk metallic glasses, covering a range of compositions with substantially different behaviour when implanted in vitro. There is very good agreement between the structures obtained from computer simulation and those found experimentally. Bond lengths and the total correlation function do not change significantly with compositions. The zinc and calcium bonding shows differences between composition: the distribution of Zn-Ca bond lengths becomes narrower with increasing Zn content, and the preference for Zn and Ca to avoid bonding to themselves or each other becomes less strong, and, for Zn-Ca, transforms into a positive preference to bond to each other. This transition occurs at about the same Zn content at which the behaviour on implantation changes, hinting at a possible structural connection. A very broad distribution of Voronoi polyhedra are also found, and this distribution broadens with increasing Zn content. The efficient cluster packing model, which is often used to describe the structure of bulk metallic glasses, was found not to describe these systems well.
Introduction
Since their discovery over 50 years ago 1 , bulk metallic glasses (BMG) have been extensively studied 2 . They are of significant fundamental and technological interest due to their exceptional physical, chemical and mechanical properties. Their amorphous structure means that they are not limited to specific stoichiometries, resulting in a wide range of possible glass compositions. This also implies that their macroscopic properties could be continuously variable, hence tunable, within a certain range by changes in the glass composition. One field in which this is potentially very useful is biomedicine [3] [4] [5] .
In this work, we investigate Mg-Zn-Ca glasses which are promising candidates for use as medical implants. They consist of elements found within the human body and the glasses themselves are known to be biocompatible 6, 7 . Their density and elastic modulus are comparable to that of human bone 8 , which minimises stress mismatch for orthopaedic applications. In addition, Much of this previous work relies on ab initio MD 8, 11, 13, 14 . Ab initio MD has the great advantage that is free from a priori established assumptions about interatomic interactions, but the associated very high computational expense means that it is restricted to small models, typically a few hundred atoms. This prohibits the possibility of analysing the structure at larger length scales. There has also been very little attempt to complement these computational investigations with experimental study of the glass structure, despite the potential for substantial new insight into the glass properties through a combined modelling and experiment approach.
In this work, we present for the first time, an investigation of the structure of Mg 60+x Zn 35−x Ca 5 , (x = 0, 7, 12, 14, 20 at. %) bulk metallic glasses by both classical molecular dynamics and neutron diffraction. This allows us to characterise in detail the local structure, including total and partial coordination numbers, coordination polyhedra distribution and the extent of any preferential bonding. We are able to reveal some subtle structural changes which could explain the compositional dependence of the biodegradable properties of these compositions of bulk metallic glass. The use of the large models accessible through classical MD also allows us to investigate the medium-range order (MRO) in these glasses.
Methods

Experimental
Neutron diffraction expriments were performed for two compositions: Mg 60 Zn 35 Ca 5 and Mg 72 Zn 23 Ca 5 . Bulk metallic Mg-Zn-Ca glasses were prepared using high-purity elements: magnesium (99.8%), zinc (99.99%) and calcium (99.5%), all purchased at Sigma Aldrich, UK. The metals were weighed to give the desired stoichiometry and mixed thoroughly in a glove box to avoid air before being placed in a boron nitride crucible. Ingots of Mg-Zn-Ca alloys were fabricated using an inductively heated funrace which was initially evacuted to 8 × 10 −5 torr and backfilled with flowing argon. The metals were melted and then held at temperature to homogenise before cooling. Rapidly quenched ribbons were produced by remelting the ingots in quartz crucibles, and ejecting with an overpressure of 40 kPa through a nozzle of the quartz crucibles onto a copper wheel rotating with a surface velocity of 25 m s −1 .
Neutron diffraction spectra of the resultant glasses were collected using the GEM diffractometer 15 at the ISIS spallation neutron source at the Rutherford Appleton Laboratory, UK. The glasses were broken into small pieces and placed inside an 8.3 mm diameter vanadium foil container. Spectra were collected for each of the samples inside the container, the empty container, a vanadium rod of 8.34 mm diameter, and the empty GEM instrument in order to perform the appropriate corrections. Data reduction and corrections were performed using the GUDRUN program 15 . The corrections involve the removal of background and container scattering, normalization, correction for absorption, inelastic and multiple scattering effects, and subtraction of the selfscattering term 15 .
Following these corrections, the resultant coherent scattering intensity, i(Q) is defined by
where c i is the atomic concentration, b i is the coherent scattering length of the chemical species i, and p i j (Q) is the partial structure factor for species i and j. The Fourier transform of i(Q) generates the total correlation function, T (r), given by
where M(Q) is a Lorch window function 16 that takes into account the finite maximum experimentally attainable value of Q and T 0 (r) is the average density term, given by
where r is the distance from an arbitrary atom at the origin and ρ 0 is the bulk number density. The total correlation function T (r) is related to the total pair distribution function G(r) by
where the total pair distribution function is a function of the partial pair distribution functions (PDFs):
where the partial PDFs g i j (r) are defined as
where dn i j are the number of elements of type j between distances r and r + dr from an element of type i.
Simulation
For the classical MD simulations, we used a recently developed many-body, tight-binding (TB) potential 12, 17 of the form
where ξ is an effective hopping integral, r i j is the distance between the atoms i and j, and r 0 is the expected first neighbour distance. Simpler pair potentials cannot adequately reproduce some basic features of metallic systems 17, 18 . The essential band character of the metallic bonding, which comes from the electrostatic interaction of the electron cloud of delocalized electrons and positively charged metal ions, should be taken into account. The TB method is a relatively simple scheme for relating the atomic and electronic structure in metallic systems without resorting to expensive first-principles calculations. It describes the ion-ion interaction as made up of an effective band term (the first term in equation 7) plus a short-range repulsive pair potential (the second term in equation 7 in a Born-Mayer form) 17 . The parameters of the TB potential for Mg-Zn-Ca system are given in ref. 12 .
Classical MD simulations were performed using the DLPOLY Classic code 19 . All glass models were prepared using the meltand-quench method: firstly, the starting configuration was equilibrated at high temperature, well above the melting temperature of the glass, and then continuously cooled down to room temperature. The starting configurations for each model were obtained by randomly placing 2000 atoms of the appropriate composition into a cubic periodic simulation box. The size of the box was defined so as to obtain a correct glass density and was about 34.5 Å depending on glass composition. The densities of Mg 60 Zn 35 Ca 5 and Mg 72 Zn 23 Ca 5 were obtained experimentally in this work (3.24 and 2.63 g cm −3 respectively, see Sec. 3.1), those of Mg 67 Zn 28 Ca 5 and Mg 74 Zn 21 Ca 5 were taken from the literature 8, 13 , and the density of Mg 80 Zn 35 Ca 5 , which was not available experimentally, was estimated at 2.42 g cm −3 . However, in order to simulate the glass models under realistic conditions, we used the NPT (constant number of particles, pressure and temperature) ensemble allowing the box size to change throughout the simulation. This approach could be more computationally expensive than NVT (constant number of particles, volume and temperature) MD but it helps to avoid high pressures during high-temperature annealing and it was successfully used to obtain glass models consistent with experimental data for other glass compositions 20 . Hence, the final glass densities are slightly different from the initial densities, which will be discussed in more detail in Sec. 3. To ensure that these models were large enough, we also constructed 10,000atom models of two compositions; there were no statistically significant differences in the structure between the two sizes.
Each model was firstly equilibrated at 1500 K for 300 ps and then continuously cooled down to room temperature in 100 K steps being equilibrated for 100 ps at each temperature. Finally, each model was run for 300 ps at 300 K. The MD timestep was 1.0 fs, and the pressure set to zero. The cooling rate of these glasses is 0.7 K ps −1 , which is considerably slower than that used in ab initio MD simulations of similar BMG 8, 13, 14 . Although this is still orders of magnitude larger than cooling rates achieved experimentally, simulations using cooling rates of this order have been successful in generating glass structures in agreement with experiment [20] [21] [22] [23] [24] . Whilst the structures generated using this methodology are in agreement with experimental values, some properties of the glass, such as glass transition temperature, are more difficult to reproduce using simulation methods. We have not attempted to compute the glass transition temperature of our models, but instead we computed structures and diffusion constants to check that the simulations were liquid at high temperature and solid at low temperature, and hence that the final run had equilibrated into an appropriate disordered solid state. The configuration at the final timestep was used for further analysis and only the pair-distribution function data were averaged over the final room-temperature run. Table 1 gives the densities for the final configurations of all glass structures. The densities are given in g cm −3 and atoms Å −3 and compared with available experimental data. There is a good agreement in calculated and experimental values that demonstrates the reliability of the interatomic potential, NPT ensemble, and melt-and-quench procedure used to obtain our glass models. The largest discrepancies are observed for the Mg 67 Zn 28 Ca 5 and Mg 74 Zn 21 Ca 5 compositions, however, it is worth noting that the experimental densities 13 for these compositions were extrapolated from data reported elsewhere 8 . Figure 1 shows Table 2 The interatomic bond distances (r i j , Å), that correspond to the position of the maximum intensity of the first peak in the respective partial PDFs of all compositions. The calculated distances are accurate to 0.025 Å. The metallic, r m , and covalent, r c , bond distances 25, 26 , bond distance values averaged for the five compositions, (r i j ) aver , and their deviations from r m and r c are also given. those seen experimentally, due to the slight (∼ 3%) overestimation of the calculated atomic density with respect to experiment ( Table 1) .
Results
Density
Pair-distribution functions
For both compositions, the intensity of the simulated first peak in T (r) is larger than for experiment, and the broad peak at 4 -7 Å is narrower. This higher first peak is often a feature of simulated correlated functions compared to the broadened data extracted from experimental data. The double nature of the second peak is well-reproduced, which is important as it is a well-known feature of the pair-correlation function of several metallic glasses 2, 27, 28 . The oscillations seen in the experimental T (r) at larger length scales, 7 -12 Å, are also present in the simulated T (r).
The first peak in T (r) corresponds to interatomic distances in the first coordination shell. It is relatively broad (2.5 -4.0 Å) for both compositions and has contributions from overlapping correlations from all the six atom-atom pairs (see Table 2 ); due to this complexity we have made no attempt to extract partial coordination numbers from the experimental spectrum. Neither the experimental or simulated T (r) differ significantly when the Zn concentration is increased from 23 to 35 at. % Zn. In Figure 2 we show the total distribution functions G(r) for all of our simulated compositions, and see that there is no significant difference across this range of compositions, nor is there substantial variation in the bond lengths, which are given in Table 2 , and discussed further below. As discussed in the introduction, these compositions exhibit very different behaviour in terms of their biocompatibility, so to understand this, we must study their structures in more detail. Figure 3 shows the calculated partial PDFs for all compositions. G Mg−Mg (r), G Mg−Zn (r) and G Mg−Ca (r) partial PDFs do not change significantly with changing composition, indicating that the Mg environment does not depend on composition. As Zn content increases, the first peak of G Zn−Zn (r) and G Zn−Ca (r) sharpens and becomes more intense; similar features were found in ab initio MD simulations of these and related Mg-Zn-Ca glass compositions 13, 14 . The G Ca−Ca (r) partial PDF has considerable variations in peak shape at larger distances (6 -12 Å) . This effect has never been considered before as the amount of Ca atoms in models generated with ab initio MD is very low, so that the Ca-Ca partial PDF is liable to strong statistical noise. To check that these variations were not due to remnants of the initial configuration, we computed the Ca diffusion constant at 1500 K, and found it to be about 2 × 10 −8 m 2 s −1 , implying an average Ca atomic displacement of ∼ 60Å during the 300 ps run at 1500 K. This is the same order of magnitude as the size of the model, meaning that any memory of the starting configuration will have been destroyed even by the end of the 1500 K part of the trajectory. Statistical noise due to the low Ca content of these models seems the most likely explanation. Table 2 gives the interatomic bond distances estimated from the first maxima of the simulated partial PDFs. The interatomic bond distances for all pairs of atoms stay virtually constant across this range of composition. This is contrary to other studies 8, 13, 14, 29 where, for example, the Zn-Zn interatomic bond distance changes significantly, by up to 0.1 Å. The average interatomic distances, (r i j ) aver , are generally slightly shorter for the Mg-rich compositions we consider in this system than for the Ca-rich compositions considered in other work 29 , which implies a more dense and efficient packing, as we discuss below in section 3.3.
The values of our calculated interatomic bond distances lie in between covalent, r c , and metallic, r m , bond distances ( Table 2) . Only the Zn-Zn nearest-neighbour distance is outside this range as it is slightly larger than the corresponding r m . Characteristic bond lengths for several crystalline binary compounds 29, 30 are also given in Table 2 . The bond distances for Mg-Mg, Mg-Zn and Mg-Ca are considerably shorter than those in crystals and those for Zn-Zn, Zn-Ca and Ca-Ca are close to the minimum distance values for crystals indicating that the absence of the longrange order constraints allows shortening of interatomic distances between the nearest-neighbour atoms in the amorphous structure 29 .
Coordination numbers
The distributions of the total simulated coordination numbers (CN) for all compositions are given in Fig. 4 , and the partial CNs for all pairs are given in Table 3 . The coordination number of the atom is defined with Voronoi polyhedra analysis, which will be described further in Sec. 3.5. The average CN for all species very slightly increases with increasing Zn content: from 14.11 to 14.45 (an increase of 2.4 %) for Mg, from 12.38 to 12.84 (an increase of 3.7 %) for Zn, and from 17.2 to 17.84 (an increase of 3.5 %) for Ca. The largest proportional effect is for Zn atoms. We see from Table 3 that as Mg content decreases and Zn content increases, the number of Mg atoms in the first coordination shell of The exact partial CNs available from the simulated data allow us to calculate the local atomic packing efficiency using the approach of Miracle 31, 32 . For all of the simulated structures, the packing efficiency for Mg atoms is about 100 %, for Zn atoms about 113 %, and for Ca atoms about 105 % (we note that a ±10 % accuracy is anticipated in the calculation of the local packing efficiency 32 ), implying that the atoms in the glass are packed extremely efficiently. This implies that all available space in the first coordination shell of all species is fully occupied contrary to Ca 60 Mg x Zn 40−x glasses 29 where the packing efficiency does not reach its maximum value for the largest Ca atoms. The packing efficiency correlates with glass forming ability (GFA) 33, 34 . The maximum packing efficiency found for our simulated glasses agrees with the experimentally known good GFA of these glasses 9 .
Local chemical order
To characterise the local chemical order, one can define a chemical short-range order (CSRO) parameter α i( jk) , which for a ternary glass takes the form 35
where CN i j is the partial CN of species j around species i, c i is the atomic fraction of the species i, and CN i is the total CN of species i. The equivalent form for a binary glass is 36
Negative values of α i j imply a preference for that bonding, and positive values an avoidance. The binary and ternary CSRO parameters are related by
and so α ii < 0 indicates an increased concentration of like atoms in the first coordination shell of atom i. The CSRO parameters α i j and α i( jk) are given in Tables 4 and  5 The α i( jk) values in Table 5 demonstrate the absence of significant clustering in Mg-Zn-Ca amorphous alloys. All values are zero or slightly negative, indicating no CSRO around Ca and slightly increased order around Mg and Zn respectively.
Voronoi polyhedra distribution
Voronoi analysis can be used to further characterise the order of BMG providing important information on atoms first coordination shell 37 . The Voronoi polyhedron for a given atom is defined as the region of space which is closer to that atom than to any other. Each polyhedron can be described by its signature,
where v m is the number of faces on the polyhedron containing m edges. For example, the icosahedral motif, which is important in BMGs, has twelve pentagonal (m = 5) faces and therefore has a Voronoi signature of (0, 0, 12, 0).
One can define the coordination number of an atom directly from its Voronoi polyhedron as CN = ∑ m v m , by defining nearestneighbour atoms as two atoms which have common faces in their Voronoi polyhedra 38 . This gives a different definition of the CN to that often used, where two atoms are nearest neighbours if they Table 5 Chemical short-range order parameters, α i( jk) , for Mg-, Zn-, and Ca-centered clusters in the Mg-Zn-Ca amorphous systems.
are closer than a given cutoff. The coordination number defined in this way is very sensitive to the choice of the cutoff value if the bond length distribution is broad 20 as it often is for metallic glasses. Moreover, comparison with other results becomes more difficult if a different cutoff value was used.
In this work, the Voro++ 39 code was used to perform the Voronoi analysis. An example of a simulation box with calculated Voronoi polyhedra is given in Fig. 5 .
The distributions of different types of Mg-, Zn-, and Cacentered coordination Voronoi polyhedra are given in Fig. 6 . Note that for Mg-and Zn-centered clusters only polyhedra with ≥ 2% population in all compositions are given, whereas for Ca-centered clusters polyhedra with > 2% population in at least one composition are given.
It is clear that the distributions for all elements are very broad and it is difficult to distinguish a dominant type of coordination polyhedra. However, for Mg-centered clusters, (0, 2, 8, 4) and (0, 1, 10, 2) polyhedra make up 6-9 % and 5-8 % respectively of the total population. For Zn-centered clusters, the (0, 2, 8, 2) and (0, 0, 12, 0) polyhedra dominate with 9-17 % and 8-14 % respectively of the total population. For Ca-centered clusters, it is not possible to define a dominant type of coordination polyhedra for all compositions.
Although the distribution of coordination polyhedra is very broad, it is possible to highlight some trends which occur with changes in composition. In Zn-poor compositions (Mg 80 Zn 15 Ca 5 and Mg 74 Zn 21 Ca 5 ) the distribution of polyhedra is narrower: the fraction of Zn-centered (0, 2, 8, 2) and (0, 0, 12, 0) polyhedra is highest (17% and 14%) and for Ca-centered clusters the fraction of two types of polyhedra ((0, 2, 8, 6) and (0, 8, 8, 7) ) reaches 8%. By contrast, for the Zn-rich composition Mg 60 Zn 35 Ca 5 , the maximum value of fraction for any polyhedron type does not exceed 9% and 4% for Zn-and Ca-centered clusters respectively. For Mg-centred polyhedra, no clear tendencies could be found.
Bond-angle distribution
The bond-angle distributions (BAD) for Mg-X-Mg (X = Mg, Zn, Ca) are given in Fig. 7 . There are no significant changes in these BADs with composition. The Mg-Mg-Mg and Mg-Zn-Mg BADs have two broad peaks at ≈ 57 • and 106 • and ≈ 63 • and 117 • respectively. The ideal icosahedral bond angles are ≈ 63.5 • and 116.5 • , indicating that Zn-centered clusters are more likely to form icosahedral and related motifs than Mg-centered clusters. This confirms the results of Voronoi tesselation analysis discussed above. The Mg-Ca-Mg BAD has peaks at ≈ 50 • and 95 • , which corresponds to the higher Ca atom CN (17.2 − 17.84) and a larger fraction of polyhedron faces with six edges.
Medium-range order
Structural studies of BMGs over the past decades have shown that many glasses exhibit not just short-range order (SRO) but also order at larger length scales, so-called medium-range order (MRO) 29, 35, [40] [41] [42] [43] [44] . Generally, MRO in glasses is shown by a prepeak in the neutron or X-ray scattering structure factor 2 . There is no unique explanation of the origin of this feature. Some suggest that icosahedral clusters are the source of MRO 45, 46 , however, such a pre-peak was also observed from neutron scattering data on a Zr-Ni liquid 47 which is reported not to have dominant icosahedral short-range order. It has been suggested 44 that "a pre-peak is a manifestation of chemical and topological ordering originating from the most common polyhedral cluster in each system, icosahedral or otherwise".
The extent of MRO in Mg-Zn-Ca glasses is likely to be rather small. Fig. 8 shows the experimental total neutron scattering structure factors for Mg 60 Zn 35 Ca 5 and Mg 72 Zn 23 Ca 5 metallic glasses. For our samples, a pre-peak at about 1.2 Å −1 is barely resolved.
The efficient cluster packing (ECP) model has been recently developed for the structural description of metallic glasses 40 and applied to the structure of Ca-Mg-Cu glasses 35 , where it was shown that the MRO can be explained as a face-centered-cubic (FCC)-like local ordering of Cu-centered clusters. In our glasses, the Zn-centered clusters could play this role of the MRO formers. Icosahedral (0, 0, 12, 0) and icosahedral-like ((0, 2, 8, 2), (0, 1, 10, 2) and (0, 2, 8, 1)) clusters make up about 33% of the Voronoi polyhedra for Mg 72 Zn 23 Ca 5 , for example, and can be considered as SRO forming structural units, consistent with previous results 11, 13 . Hence, we assume that Zn-centered clusters form the FCC motif and try to explain the Zn-Zn partial PDF profile, g ZnZn (r) (Fig. 3) , with the ECP model 35, 40 . In particular, we are interested in the broad double peak in G(r) at ≈ 4 − 6 Å. For conciseness, the analysis is only shown for the Mg 72 Zn 23 Ca 5 composition. Within the ECP model 35, 40 , the FCC lattice has four α sites occupied with Zn-centered clusters and four octahedral (β ) and eight tetrahedral (γ) interstitial sites which could be also occupied by alloying elements. The average number of atoms in each Zn-centered cluster is 13.6 (CN Zn + 1) and so we can estimate the number of atoms forming the FCC "super-cell" as between 54.3 (no interstitial sites occupied) and 66.3 (all interstitial sites occupied). By using the calculated density, this implies a supercell volume of 1150.5 to 1404.5 Å 3 , and hence a lattice parameter between 10.5 Å and 11.2 Å. The distance between neighbouring Zn-centred clusters, r c , is the lattice parameter divided by √ 2, hence betweeen 7.4 Å and 7.9 Å. The third peak of the simulated Zn-Zn partial PDF, g ZnZn (r) (Fig. 3) , is at 7.525 Å and, hence, is consistent with this r c value.
By using this calculated value, the super-cell parameter is refined to 10.6 Å, which corresponds to 22% of interstitial sites in a super-cell being occupied. For this value of a c , we expect to find the peak corresponding to the octahedral site at 5.3 Å (= a c /2) and the peaks corresponding to the tetrahedral sites at 4.6 Å (= √ 3a c /4) and 8.7 Å (= √ 11a c /4). The positions for the second and the third peaks in g ZnZn (r) are at about 4.73 Å and 5.48 Å respectively. Hence, the second peak could possibly be assigned to the distance between the Zn atom in the center of the cluster and a Zn atom in the nearest tetrahedral position. However, the third peak is further from the predicted distance between α and β (octahedral) sites. The magnesium atom could occupy the octahedral interstitial sites, however, the Mg-Zn partial PDF, g MgZn (r) (Fig. 3) , demonstrates that there are no peaks corresponding to the predicted distances. This implies that Mg-Zn-Ca metallic glasses do not possess a MRO which could be described well with the ECP model.
It is usual to assume that the largest solute in a multicomponent glass would be the primary structure-forming solute 48 . In our system, the largest solute atom is Ca and its concentration is too small. However, for the Ca-Mg-Cu glasses, it was sug-gested that elements with the strongest chemical interaction with solvent atoms form the structure-forming clusters 35 . The order of interaction energy in Mg-Zn-Ca system can be estimated with heats of mixing 49 , which suggest that the Ca-Zn interaction (-22 kJ/mol) is much stronger than the Ca-Mg and Mg-Zn interactions (-6 kJ/mol and -4 kJ/mol, respectively). In such a way, in our systems, the dominant solute Zn atoms have the weakest interaction with the solvent Mg atoms. This could possibly be a reason why our systems do not exhibit the explicit medium-range ordering seen in Ca-Mg-Zn 29 and Ca-Mg-Cu 35 glasses, where the solute atoms interact more strongly with solvent atoms than with other solute atoms.
The formation of chain-like fragments in the modeled glass structure can be considered as a certain degree of a MRO. Indeed, our calculations demonstrate that the Zn-Zn connectivity strongly increases with increasing Zn content. In agreement with ab initio MD simulations 13 , the number of Zn atoms connected to two other Zn atoms dramatically increases for zinc-rich compositions (Mg 67 Zn 28 Ca 5 and Mg 60 Zn 35 Ca 5 ), and the number is of course largest for the compositions richest in zinc. In such a way, our calculations confirm the proposed idea 13 that "Zn-centered cluster(s) could eventually form a percolated network" and that this can determine the physical and chemical properties of the bulk materials.
Conclusions
In this work, we have presented a combined simulationexperiment study of the atomic structure of Mg-based bulk metallic glasses intended for biomedical applications. A good agreement in calculated and experimental densities and in paircorrelation functions for two compositions (Mg 60 Zn 35 Ca 5 and Mg 72 Zn 23 Ca 5 ) let us conclude that our models of glass structure are realistic, and so we studied five different compositions of potential biomedical relevance. There is no significant change in the total pair-correlation functions or in the bond lengths for the range of compositions studied. There were only small increases in the total coordination numbers with increasing zinc content. The bond lengths for all pairs of atoms are smaller or close to minimum bond distances found in crystalline compounds, indicating a dense and efficient packing of atoms within an amorphous system and the bond distance shortening caused by the absence of the long-range order. This is confirmed by calculated packing efficiencies of about 100%, which also corresponds to these compositions' known good glass-forming ability.
The greatest variation in the bonding with composition was in the zinc and calcium bonding, which we have characterised by calculating the local chemical short-range order parameter using the partial coordination numbers extracted from our structural models. At low zinc content, zinc and calcium prefer to avoid each other and themselves in their first coordination shell. As zinc content increases, this avoidance becomes less prevalent and in the highest-zinc-content glasses, zinc and calcium prefer to bond to calcium. This is also visible in the sharpening of the first peaks in the Zn-Ca and Ca-Ca partial pair-correlation functions, and the increase in the Zn-Ca and Ca-Ca coordination numbers. The crossover between avoidance and preference occurs at zinc contents of 23 − 28%, close to the threshold value of 28 % where Mg-Zn-Ca glasses change their bio-compatible properties. This implies that the suggestion that the corrosive elements (Mg, Ca) are removed in the body to leave the passive zinc is too simplistic, and that there is substantial preferential bonding in these systems, which will strongly affect the passivation.
The distribution of Voronoi polyhedra is very broad for all simulated glasses and there is no single unambiguously dominant structural unit. Icosahedral and icosahedral-like coordination polyhedra are always present. In Zn-poor glasses, these (0, 2, 8, 2) and (0, 0, 12, 0) coordination polyhedra make up 14-17 % of the population of polyhedra and their content decreases with increasing Zn content. This indicates a sort of degradation of the short-range ordering in Zn-rich Mg-Zn-Ca glasses.
In the last section of this paper, we have applied the efficient cluster packing model in order to investigate the medium-range order in these glasses. We conclude that this model cannot describe the MRO in our amorphous systems. This is also confirmed by our experimental total neutron scattering structure factor which does not have the explicit pre-peak which usually indicates the presence of MRO. The only evidence of the MRO for Mg-Zn-Ca glasses is the increasing amount of chains formed with Zn-centered clusters in Zn-rich Mg-Zn-Ca metallic glasses. Our result confirms an earlier suggestion 13 that Zn-centered clusters could form a percolated network and that this can determine the physical and chemical properties of the bulk materials.
